Identification of novel drug targets and chemotherapeutic agents is a high priority in the fight against cancer. Here, we report that MAD-28, a designed cluvenone (CLV) derivative, binds to and destabilizes two members of a unique class of mitochondrial and endoplasmic reticulum (ER) 2Fe-2S proteins, mitoNEET (mNT) and nutrient-deprivation autophagy factor-1 (NAF-1), recently implicated in cancer cell proliferation. Docking analysis of MAD-28 to mNT/NAF-1 revealed that in contrast to CLV, which formed a hydrogen bond network that stabilized the 2Fe-2S clusters of these proteins, MAD-28 broke the coordinative bond between the His ligand and the cluster's Fe of mNT/NAF-1. Analysis of MAD-28 performed with control (Michigan Cancer Foundation; MCF-10A) and malignant (M.D. Anderson-metastatic breast; MDA-MB-231 or MCF-7) human epithelial breast cells revealed that MAD-28 had a high specificity in the selective killing of cancer cells, without any apparent effects on normal breast cells. MAD-28 was found to target the mitochondria of cancer cells and displayed a surprising similarity in its effects to the effects of mNT/NAF-1 shRNA suppression in cancer cells, causing a decrease in respiration and mitochondrial membrane potential, as well as an increase in mitochondrial iron content and glycolysis. As expected, if the NEET proteins are targets of MAD-28, cancer cells with suppressed levels of NAF-1 or mNT were less susceptible to the drug. Taken together, our results suggest that NEET proteins are a novel class of drug targets in the chemotherapeutic treatment of breast cancer, and that MAD-28 can now be used as a template for rational drug design for NEET Fe-S cluster-destabilizing anticancer drugs.
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NEET proteins | mitocan | iron-sulfur proteins | mitochondria | rational drug design M itochondria function as a key point of convergence for both the intrinsic and extrinsic apoptotic pathways, as well as play an essential role in regulating cellular metabolism and energy production (1) . As such, they are emerging as important pharmacological targets for cancer therapy (2, 3) . Small molecules that exert their bioactivity by selectively localizing and targeting mitochondria are often referred to as mitocans (4) . The Garcinia genus of tropical plants has yielded a structurally intriguing family of xanthone-derived natural compounds collectively referred to as caged Garcinia xanthones (CGXs) (5) . Gambogic acid, the archetype of this family, inhibits tumor growth in various animal models with minimal side effects and little toxicity on immune and hemopoietic systems (6, 7) . Its anticancer activity has been associated with mitochondrial membrane polarization, inhibition of the B-cell lymphoma 2 (Bcl-2) family of proteins, accumulation of reactive oxygen species (ROS), suppression the NF-κB signaling pathway, and inhibition of proteasome activity (4) (5) (6) (7) (8) (9) (10) . In previous studies, we determined that cluvenone (CLV) is the pharmacophoric structure of CGX (8, 9) . CLV displayed good tumor selectivity in the NCI60 cell panel, as well as high differential cytotoxicity in cancer vs. normal tissue studies (10) . We also demonstrated that CLV preferentially localizes to the mitochondria and induces cell death (11, 12) . To improve further on the tumor selectivity of CLV, we designed and synthesized the hydroxylated derivatives MAD-28 and MAD-44 (13) .
Localized in the outer mitochondrial membrane (14, 15) , a potential site of action of mitocans, the NEET proteins nutrient-deprivation autophagy factor-1 (NAF-1) and mitoNEET (mNT) are essential in tumor growth regulation. These proteins constitute a novel family of iron-sulfur (2Fe-2S) proteins defined by a unique CDGSH amino acid sequence in their Fe-S clusterbinding domain (16) . They are involved in several human pathologies, including diabetes, cystic fibrosis, Wolfram syndrome 2, neurodegeneration, and muscle atrophy (15, 17, 18) . NAF-1 was found to interact with Bcl-2 and Beclin 1 and was proposed to regulate autophagy and apoptosis (19) . Deficiency in mNT or NAF-1 causes an alteration in iron and ROS homeostasis in animal and plant cells, and deficiency in NAF-1 results in decreased mitochondrial function and stability, as well as activation of autophagy in mouse and human cells (14, 15, 17, 20, 21) . We
Significance
Cancer is a leading cause of mortality worldwide, with the identification of novel drug targets and chemotherapeutic agents being a high priority in the fight against it. The NEET proteins mitoNEET (mNT) and nutrient-deprivation autophagy factor-1 (NAF-1) were recently shown to be required for cancer cell proliferation. Utilizing a combination of experimental and computational techniques, we identified a derivative of the mitocan cluvenone that binds to NEET proteins at the vicinity of their 2Fe-2S clusters and facilitates their destabilization. The new drug displays a high specificity in the selective killing of human epithelial breast cancer cells, without any apparent effects on normal breast cells. Our results identify the 2Fe-2S clusters of NEET proteins as a novel target in the chemotherapeutic treatment of breast cancer.
recently demonstrated that suppression of NAF-1 or mNT expression via shRNA in human breast cancer cells resulted in the accumulation of iron and ROS in mitochondria, a shift from respiration to glycolysis, the activation of autophagy, and the suppression of cell proliferation and tumor growth (21) . Many of these phenotypical effects are analogous to the effects induced by mitocans, leading us to the hypothesis that small molecules that bind NEET proteins and alter their molecular features could have a significant pharmacological potential in cancer treatment.
To test this hypothesis, we studied the potential of different derivatives of the mitocan (CLV, MAD-44, and MAD-28) to bind to the NEET proteins mNT and NAF-1 and to affect their cluster stability, and we correlated the biochemical and biophysical effects of these compounds on NEET proteins with their biological activity toward cancer cell metabolism, physiology, and viability. Here, we report that MAD-28, a derivative of the caged Garcinia mitocan CLV, binds to mNT and NAF-1 and facilitates the destabilization of their clusters. Docking analysis of MAD-28, CLV, and MAD-44 to mNT and NAF-1 revealed that in contrast to CLV, which formed a hydrogen bond network that stabilized the 2Fe-2S clusters of these proteins, or MAD-44, which did not affect the Fe-S cluster coordination of mNT and NAF-1, MAD-28 broke the coordination bond between H87/ H114 and the cluster Fe of mNT/NAF-1, resulting in destabilization of their clusters. In vivo analysis of MAD-28 performed with control and malignant epithelial breast cells revealed that MAD-28 had a high specificity in the selective killing of cancer cells, without any apparent effects on normal breast cells. MAD-28 was less effective when applied to cancer cells with suppressed levels of NAF-1 or mNT. Taken together, our results suggest that the Fe-S clusters of the NEET proteins mNT and NAF-1 could be used as novel drug targets in the chemotherapeutic treatment of breast cancer cells.
Results
Biological Activity of CLV, MAD-28, and MAD-44 Toward Human Epithelial Breast Cancer Cells. The mitocan CLV and its two derivatives MAD-28 and MAD-44 (Fig. 1A) were synthesized as described in Materials and Methods and SI Appendix (13) (SI Appendix, Fig. S1 ), and their ability to inhibit cancer cell growth was tested using epithelial breast cancer cells [M.D. Andersonmetastatic breast (MDA-MB)-231 and Michigan Cancer Foundation (MCF) -7] , and control breast epithelial cells (MCF-10A) ( Fig. 1B and SI Appendix, Fig. S2 ). Of the three CLV derivatives tested, only MAD-28 showed high potency in the selective killing of breast cancer cells, although it was nontoxic to normal breast cells (Fig. 1B) . In contrast to CLV or MAD-44, which did not affect the proliferation of cancer cells within the time and concentration ranges tested, MAD-28 showed a selective killing rate of up to 70% within 6 d of treatment, with no apparent effect on the viability of control MCF-10A cells (Fig. 1B) . Because MAD-28 was found to have the highest potency of the three compounds tested, it was selected for further analysis.
MAD-28 Localizes to Mitochondria and Causes a Decrease in
Mitochondrial Function in Breast Cancer Cells. To gain information on the subcellular target of MAD-28, we used a Bodipy conjugate of this compound (i.e., MAD-28-Bodipy; chemical synthesis is described in SI Appendix, Fig. S1C ). Mitochondria of MDA-MB-231 cells were visualized using the mitochondrial marker Tom20, and the conjugate MAD-28-Bodipy was added and coimaged to reveal possible colocalization. As shown in Fig. 2 , the green fluorescence of MAD-28-Bodipy clearly colocalized with the mitochondrial red fluorescent Tom20 marker. MAD-28 also displaced MAD-28-Bodipy localization in competition studies (SI Appendix, Fig. S3 ). Therefore, our data indicate that MAD-28 localizes to the mitochondria of cancer cells.
To test how the localization of MAD-28 to mitochondria affects cancer cell metabolism, we measured its effect on mitochondrial function and glycolysis using a Seahorse XF24 analyzer (Seahorse Bioscience). Application of MAD-28 to MCF-7 breast cancer cells resulted in diminished spare respiratory capacity of mitochondria ( The targeting and physiological effects of MAD-28 suggested that this compound alters mitochondrial function in cancer cells. We therefore tested its effects on the mitochondrial membrane potential (MMP) of breast cells using tetramethylrhodamine ethyl ester (TMRE), a positively charged red-orange dye that readily accumulates in active mitochondria, as well as its effect on mitochondrial iron accumulation using rhodamine B-[(1, 10-phenanthrolin-5-yl aminocarbonyl] (RPA), a fluorescent iron sensor (21) . As shown in Fig. 3 NEET proteins, we studied its effect on human breast cancer cells with suppressed levels of expression of NAF-1 or mNT, obtained as described by Sohn et al. (21) . As shown in Fig. 4A , the cytotoxicity of MAD-28 toward breast cancer cells was lower in cells with suppressed expression of the NEET protein mNT or NAF-1. The function of NEET proteins in cells was demonstrated to involve their 2Fe-2S clusters (19, 21, 22) ; therefore, we studied the effects of MAD-28 on the stability of mNT or NAF-1 clusters and compared it with the effects of CLV or MAD-44 (Fig. 4 B and C) . NEET 2Fe-2S cluster stability can be assessed by monitoring the decay in absorbance of its 458-nm peak (characteristic of the oxidized 2Fe-2S cluster of mNT or NAF-1) over time. We incubated each protein (mNT or NAF-1) in the absence and presence of stoichiometric concentrations of CLV, MAD-28, or MAD-44. The rate of cluster release was compared for each compound relative to each protein alone. Effects on cluster stability were observed for both mNT and NAF-1 with CLV or MAD-28. Although CLV increased 2Fe-2S cluster stability by 50-100% (green traces in Fig. 4 B and C) , MAD-28 decreased cluster stability by 30-50% (red traces in Fig. 4 B and C) . In contrast, MAD-44 had no effect above uncertainty (∼5%; blue traces in Fig. 4 B and C).
Identifying Potential NEET Protein Binding Pockets for MAD-28, MAD-44, and CLV. The opposing effects of MAD-28 and CLV on the stability of NEET proteins' 2Fe-2S clusters prompted us to identify possible binding sites of these drugs to the mNT and NAF-1 structures (23, 24) . Eleven druggable "hot spots" were identified for the mNT structure [Protein Data Bank (PDB) ID code 2QH7] using the small-molecule mapping server FTMap (25, 26) . We picked the hot spots with the largest number of small molecules bound and grouped them into two main consensus sites as described in Materials and Methods and SI Appendix. The areas of mNT within the 6-Å vicinity of the two main consensus sites were defined as potential binding pockets on mNT. Pocket 1 covers patches of highly conserved residues (I102, K55′, V57′, and D64) and five of the nine conserved core amino acids of the [2Fe-2S] binding motif (C83, H87, Y71, F82, and D84). Moreover, a large portion of residues in NAF-1 (S92, A96, A109, C110, D111, and H114), corresponding to the residues (G62, A69, F82, C83, D84, and H87) in pocket 1 of mNT, overlap with putative interfacial binding residues between proteins Bcl-2 and NAF-1, which were identified in an integrated experimental and direct coupling analysis strategy (27) . These overlapping residues interact with several residues of the BH4 domain and the BH2 domain of Bcl-2 (SI Appendix, Fig. S5 ). Therefore, this overlap gives further support to the hypothesis that a compound that binds pocket 1 can interfere and affect the function of NEET protein-protein interactions. In contrast, pocket 2, which is composed of the residues of I49′, Q50′, I56′, H58′, S77′, K78′, K79′, F80′, and P81′, is relatively small and polar, and does not seem to be the potential binding pocket of the three compounds compared with our computational results.
Based on our docking analysis, CLV and MAD-28 selectively bind to the vicinity of the [2Fe-2S] cluster of pocket 1. However, unlike CLV or MAD-28, MAD-44 binds toward K68 of pocket 1. We further clustered the binding modes in pocket 1 for each compound based on their binding orientation, picked the lowest energy bind mode for each of them from the cluster with the dominant binding orientation, and performed energy minimization for the selected binding modes to refine their structures. The refined binding modes of these three compounds to mNT and NAF-1 are illustrated in Fig. 5A and SI Appendix, Fig. S6 , and the evaluated binding energies corresponding to the binding modes are shown in SI Appendix, Table S1 . In a parallel analysis performed for NAF-1, we found that CLV, MAD-28, and MAD-44 present very similar binding modes and molecular interactions to mNT, as shown in SI Appendix, Fig. S6 . The estimated binding energies for the predicted binding modes of CLV, MAD-28, and MAD-44 to the NEET proteins mNT and NAF-1 are summarized in SI Appendix, Table S1 .
Discussion Biological and Biophysical Action of CLV, MAD-44, and MAD-28 on
Cancer Cells and NEET Proteins. Our characterization of MAD-28, a derivative of CLV containing a phenolic group at the C 6 position of its A ring, revealed that compared with CLV or MAD-44, this compound is highly potent in its selective cytotoxicity toward human breast cancer cells ( Fig. 1 and SI Appendix, Fig.  S2 ). CLV was previously found to be an effective and selective drug to target cancer cells (8) (9) (10) . Nevertheless, our analysis of its derivative MAD-28 demonstrated that it had significantly higher cytotoxicity toward cancer cells, without affecting control human epithelial breast cells. The addition of a phenolic group at the C 6 position of the CLV A ring therefore appears to enhance the potency of this compound significantly without affecting its targeting to the mitochondria of cancer cells (Figs. 1 and 2) .
The physiological and cellular effects of MAD-28 on human breast cancer cells included some of the hallmarks observed in these cells when the expression of the NEET protein mNT or NAF-1 was suppressed via shRNA (21) . These effects included suppression of cancer cell proliferation, a decrease in respiration and MMP, enhanced glycolysis, and an increase in the accumulation of iron in mitochondria. The expression of NEET proteins was found to be enhanced in many different types of cancer cells, promoting a hypothesis that their function is essential to support the higher metabolic rates of cancer cells by protecting mitochondria from overaccumulation of iron, which would result in enhanced reactive oxygen accumulation and cell death (16) . The central role of mNT and NAF-1 in cancer metabolism and regulation (28) , as well as the similarity observed between the phenotype of breast cancer cells treated with MAD-28 and breast cancer cells with suppressed expression of mNT or NAF-1 (21) , suggests that part of the mitocan function of MAD-28 on cancer cells is executed by binding to, and affecting the function of, NEET proteins. Our findings that CLV and MAD-28 alter the cluster stability of NEET proteins in vitro (Fig. 4 B and C) show that CLV and MAD-28 bind to these proteins. According to the above computational results, the predicted binding pocket of CLV and MAD-28 is also involved in the protein-protein interface of NAF-1 and Bcl-2. Therefore, altering the stability of NEET proteins' clusters could modify their cellular function and/or protein-protein interactions. For example, a derivative of NAF-1 with an altered cluster-binding ability was found to have an altered interaction with Bcl-2 that affected its ability to regulate autophagy (19) . Interestingly, MAD-28 was found to have an opposite effect on NEET cluster stability (destabilize) compared with CLV (stabilize). It is possible that this difference could be responsible for the higher potency of this particular derivative. Destabilizing the clusters of NAF-1 could, for example, cause it to dissociate from Bcl-2 and decrease the viability of cancer cells. To test further whether MAD-28 functions via affecting NEET proteins, we tested its effect on cancer cells in which the elevated levels of mNT or NAF-1 were suppressed via shRNA. MAD-28 is less effective in killing these cells (Fig. 4A) . At least two different models could explain this result. The lower level of a NEET protein in these cells could present a smaller target for MAD-28 binding and function, or the pathways activated in cells with lower levels of mNT or NAF-1 could be mitigating the function of MAD-28. Both explanations are consistent with our hypothesis that MAD-28 works, in part, via NEET proteins or NEET-related pathways.
Docking Analysis of CLV, MAD-28, and MAD-44 Provides Insight into
the Differences in Their Biological Function. To decipher the mechanism by which CLV, MAD-28, and MAD-44 affect the stability of NEET protein clusters, we performed docking analysis for these compounds to mNT and NAF-1 (PDB ID codes 2QH7 and 4OO7). Our analysis revealed that in the predicted binding mode of CLV to mNT (Fig. 5A) , a hydrogen bond network is formed between the CLV and residues K55 and H87 with equal hydrogen bond lengths of 3.0 Å and that the coordination bond between the H87 and the outer Fe, which plays an important role in stabilizing the 2Fe-2S cluster (29) , remains with a bond length of 2.2 Å. The formation of the hydrogen bond between the CLV and H87 can lead to an increase in the negativity of the N δ1 atom (coordination bond acceptor) in the imidazole ring of H87, and hence contributes to increasing the coordinate bond strength and stabilizes the clusters. In addition, a series of hydrophobic contacts are observed between CLV and mNT, including the interactions between the hydrophobic tail group of CLV and residues V57 and I102 as well as the interactions between the tricyclogroup and beta-strands of mNT, which can further help CLV to stabilize the cluster via increasing the overall protein stability through binding energy.
In contrast to the effect of CLV, the observed conformation in the lowest energy binding mode of MAD-28 to mNT (Fig. 5B) contains an additional hydrogen bond between the hydroxyl group in the 6-position of MAD-28 and the backbone carbonyl of C83 and, at the same time, maintains a hydrogen network similar to CLV against mNT, resulting in a strain energy penalty of conformation of MAD-28 (ΔE strain = 5.73 kcal/mol; SI Appendix, Table S1 ) relative to the binding conformation of CLV (ΔE strain = 1.85 kcal/mol; SI Appendix, Table S1 ). Even more importantly, the conformation of the side chain of residue H87 was induced to flip up nearly 28°relative to the conformation of this side chain observed for CLV, which breaks the coordination bond between the H87 and outer Fe of the 2Fe-2S cluster (the bond length is elongated to 2.7 Å). This observation supports our biophysical results (Fig. 4 B and C) , showing that the 2Fe-2S clusters of mNT and NAF-1 are significantly destabilized by binding of MAD-28. Furthermore, structural NMR studies (SI Appendix, Fig. S7 ) support the proposed model for MAD-28 binding. Contrary to CLV and MAD-28, the binding mode of MAD-44 to mNT depicted in Fig. 5C indicates that when the hydroxyl group is in the C18 position, the rigidity of the tricyclogroup cannot maintain the hydrogen bond network with H87 but forms a hydrogen bond with K68 to keep a relatively extended binding conformation (ΔE strain = 1.33 kcal/mol; SI Appendix, Table S1 ). In this case, H87 is not involved in the binding interaction of MAD-44 to mNT. Therefore, the stabilization of [2Fe-2S] clusters is not affected by MAD-44. In summary, with these docking models, we now provide a molecular explanation for the observed stabilization of NEET clustercontaining proteins with CLV and the destabilization with the more selective anticancer agent MAD-28.
Conclusions
In this work, we present a designed mitocan drug, MAD-28, that shows selective targeting of cancer cells and evidence that it targets NEET proteins, which are, to our knowledge, the first Fe-S proteins shown to control human breast cancer cell proliferation (21) . Our results suggest a unique mode of action for MAD-28 binding to the vicinity of the Fe-S clusters of NEET proteins and destabilizing them by breaking the coordinative bond between the mNT-H87 or NAF-1-H114 and the cluster Fe ( Fig. 5 and SI Appendix, Fig. S5 ). The ability to explain the experimental observations theoretically opens up the possibility for rational drug design. The high selectivity of MAD-28 toward cancer cells, with no apparent effects on normal cells (Figs. 1  and 3 ), could be explained by the apparent dependency of cancer cells on NEET protein function (19, 21) and by the high levels of NEET proteins in cancer cells (21) . Consistent with this model are the findings that MAD-28 is less effective on cells with suppressed mNT or NAF-1 expression (Fig. 4A) and that the effects of MAD-28 are partially alleviated by the addition of an iron-chelating agent (Fig. 3C) . Because elevated levels of mNT and NAF-1 are nearly universal in many epithelial cancers (16, 21) , targeting their clusters provides an unexplored and highly promising area for pharmaceutical development. MAD-28 could therefore be viewed as a first lead to a new class of anticancer drugs that target the metal clusters (2Fe-2S) of proteins.
Materials and Methods
Materials and Cell Cultures. MCF-10A, MCF-7, and MDA-MB-231 epithelial breast cancer cells were obtained from the American Type Culture Collection and from Tamar Peretz-Yablonski (Sharett Institute of Oncology, HadassahHebrew University Medical Center, Jerusalem, Israel). Synthesis of CLV, MAD-28, MAD-44, and the MAD-28-Bodipy conjugate is described in SI Appendix, Fig. S1 . MDA-MB-231, MCF-10A, MCF7, MDA231-NAF-1(−), and MDA231-mNT(−) cell lines were grown or generated using shRNA transfections as described previously (21) .
Cell Viability. Cells were seeded in 96-well plates in triplicate at a density of 15,000 cells per plate and incubated with MAD-28, CLV, or MAD-44 at a concentration of 1.25 μM. This concentration was used based on previous IC 50 studies (10, 13) : We have previously reported that CLV exhibits potent growth inhibitory activity against the NCI60 cell panel, with an IC 50 range of 0.1-2.7 μM (10). We have also reported that the IC 50 values of CLV, MAD-28, and MAD-44 in the T-cell acute lymphoblastic leukemia (CEM) cell line are 0.2, 0.3, and 1.0 μM, respectively (13) . We designed our experiments based on the above studies and selected an average concentration of 1.25 μM for our viability studies on epithelial breast cancer cells. Alamar-blue (Prestoblue cell viability reagent; Invitrogen) was used to determine cell viability 2, 3, and 6 d following addition of the drugs as described previously (21, 30) . Fluorescence was measured using a plate reader after 1-4 h of incubation at 37°C (excitation, 530-560 nm; emission, 590 nm).
Immunofluorescence Analysis. Cells plated on 12-mm glass coverslips were fixed with 4% (vol/vol) formaldehyde, permeabilized with 0.1% Triton X-100 in PBS for 5 min, and incubated in blocking buffer (PBS containing 5% fetal goat serum) for 30 min at room temperature. Cells were then incubated for 1 h at room temperature with primary antibody diluted in blocking buffer. Cells were then washed three times with PBS and incubated with secondary antibody, diluted in blocking buffer, for 1 h at room temperature. Alexa Fluor 594 goat anti-mouse (1:500; Molecular Probes) was used. Cells were washed three times with PBS containing Hoechst (1:100,000, H33342; Molecular Probes) to stain DNA and visualized using a Zeiss Observer Z1 156 inverted microscope. The degree of colocalization between mitochondria (red) and gambogic acid (GA)-Bodipy (green) was quantified using the colocalization finder and the JaCoP plug-in of ImageJ software (rsb.info.nih. gov/ij/). Both Pearson's correlation and Manders' overlap coefficients were measured for at least five cells per sample.
MMP Measurement. Cells were plated at a density of 150,000 per well on glassbottomed, 24-well plates incubated with MAD-28 at a concentration of 1.25 μM for 24 h and washed with DMEM-Hepes for measurement of MMP. TMRE (excitation, 543 nm; emission, 633 nm) was used for measuring MMP as described by Sohn et al. (21) utilizing a Nikon TE 2000 microscope equipped with opti-grid device and a Hamamatsu Orca-Era CCD camera. Images were acquired and analyzed with the Volocity or ImageJ software program.
Mitochondrial Labile Iron Measurement. Cells were plated and incubated with MAD-28 as described above. The iron status of the mitochondrion of cells was then measured using RPA as described by Sohn et al. (21) . Images were captured by epifluorescence microscopy (equipped with an opti-grid device) and analyzed with ImageJ. Pretreatment of cells with the chelator DFP (50-100 μM) was performed to determine indirectly the mitochondrial labile iron level (21) .
Physiological Measurements. Rates of oxygen consumption and extracellular acidification were measured with a Seahorse XF24 analyzer using the XF Cell Mito Stress Test Kit and XF Glycolysis Stress Test Kit (all from Seahorse Bioscience) according to the method of Sohn et al. (21) . All measurements were recorded at set interval time points. All compounds and materials above were obtained from Seahorse Bioscience.
Cluster Stability Assay. mNT and NAF-1 were expressed and purified as previously described (22) . A total of 50 μM (25 μM dimeric) mNT or NAF-1 was incubated alone or with 50 μM CLV, MAD-28, or MAD-44 at 37°C in 50 mM Bis-Tris buffer at pH 6.5, with 100 mM NaCl, 0.1% (wt/vol) lauryldimethylamine N-oxide, and 0.5% (vol/vol) DMSO. Absorbance spectra were measured from 300 nm to 800 nm every 10 min on a Cary 50 UV-visible spectrophotometer with temperature control (Agilent). Absorbance at 458 nm was normalized and plotted vs. time.
Computational Calculations of the Molecular Mode of Binding of the Mitocans to the NEET Proteins. To investigate the molecular mechanism of CLV, MAD-28, and MAD-44 binding to mNT or NAF-1, a four-step computational scheme was designed based on the FTMap fragment-based druggable hot spots identification approach (25, 26) and using the molecular modeling environment Maestro 9.9 (Schrödinger) (details are provided in SI Appendix).
